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SOLID ROCKET MOTOR CERTIFICATION TO MEET SPACE SHUTTLE REQUIREMENTS: .
FROM CHALLENGE TO ACHIEVEMENT i

John Q. Miller, National Aeronautics and Space Administration
George C. Marshall Space F'I‘Iqht Center, AL and
Joe C. Kilminster, Morton Thiokol, Inc., Brigham City, UT

ABSTRACT

The Solid Rocket Motor (SRM) for the Space Shuttle was by contract requirement, a state-of-the art
motor design to the maximum extent possible.

There were three design requirements for which there was no existing solid rocket motor experience.
These were: the requirement for a unique thrust-time trace to meet unique Space Shuttle requirements,
the requirement for 20 uses of the principal hardware, and the requirement for a moveable nozzle with
an 8° omniaxial vectoring capability.

These three unique requirements are discussed and the solutions presented.
DESCRIPTION
THRUST-TIME TRACE

The development of the solid rocket motor thrust-time trace requirements and certification will be
discussed.

Requirement

- Establishment of the SRM thrust-time characteristic was based upon a residual force requirement
derived from Shuttle system flight synthesis (Figure 1 ). Residual force is the force required to
accelerate the Shuttle vehicle along a flight path .
after subtracting the thrust of the SSME's, ] ] ] l
Associated with this requirement was a vehicle AESIDUAL FORCE DATA /
1iftoff thrust to weight ratio of 1.5, a maximum [ ] y -
vehicle dynamic pressure of 650 psf, and a vehicle b 7 74

maximum acceleration 1imit of 3g. The specifica-
tion of SRM residual force requirements enabled
the SRM contractor to conduct design trade studies
which culminated in the definition of a thrust-
time history meeting system requirements. The
results of these studies led to a more conventional
definition of SRM thrust-time history requirements
(Figure 2) which are currently included in the SRM
Contract End Item specification.

RESIDUAL FORCE. Fy X 10 (LD)
4
N

o — 18 >

[
i

[} 10 w % e »® L] 7T 0 0 W90 10 1W

Analytical Design Approach

The large size of the SRM, combined with a - TWOE (SEC)
limited number of development tests (4), precluded
a "cut-and-try" approach to curve shape tailoring. NOMENCLATURE:
Rather, analytical assessments of the various Fn, - IMSTANTANEOUS REBIDUAL FORCE, LoF

mechanisms that can affect curve shape had to be
made. Results of these assessments were then used
as guidelines in establishing reasonable Contract FIGURE 1. SAW PERFORMWANCE REQUIREMEN:S

End Item (CEI) specification 1imits on the nominal

thrust trace shape. They also were used for contingency planning in the mandrel procurement, wherein
enough flexibility was built into the initial mandrel configuration to counteract the most probable
extremes in curve shape. The first two static tests (DM-1 and DM-2) showed that the actual curve
shape, while containi»ri% some variations, was sufficiently close to the origfnal prediction to preclude
ma jor mandrel modification.

It was determined that the payload performance of the system was quite sensitive to the SRM thrust
trace shape. In order to achieve sufficient control of the trace shape, Rockwell International (RI)
and NASA decided to delineate requirements on the nominal thrust-time shape and also impose impulse
gate requirements at 20 seconds and 60 seconds through which the impulse-time performance must pass.

[ - MAXIMUM ALLOWASLE ACTION TIME. 8EC

The basic predictability 1imits that apply to the thrust-time curve shape of a solid rocket motor
were analyzed based on previous large motor history. Results of this analysis were used to generate
- the envelope requirements within which the nominal thrust must fit and the impulse gate requirements

on nominal performance (Figure 2).
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an NOMINAL IMPULSE REQUINEMENTS 108 L-8EC

Historic data were examined to determine PREDICTABILITY = 3% 1
the nature of the significant factors which efly ressssmnesesec
contribute to predictability of solid motor P y=f'2 reswnat® assec
ballistic performance. Examination was o357 N T ~
limited to those factors that contribute to g RN e[\t reazmasim 1 e acTiON TiME
predictability of thrust-time curve shape ® RN -
and thus affect the mandrel design. Easily % N e LT |
countered factors such as the propellant burn £ RN S - [ TR,
rate were not considered, since a minor taflor- 5 . O nommar | W
ing of the propellant formulation can easily 3 " , ; W\
modify the burning rate in accordance with a s | | ! Y
change in target rate. These changes can be b f E \
implemented at any time in the program. ) l \

! . '

One of the most widely recognized ! M | ;
factors that is not entirely predictable and ‘0 » © o © 00 120 0
which affects curve shape is erosive burne SURN TIME (skC)
ing. Examination of large motor data, NOTES: A} 1-01GNITION TIME
particularly Titan seven-segment data, O UALATED ehu by Pach v
indicated that large motor erosive burning PREDICTASILITY ENVELOPE AND I8 FURTHER
did not significantly affect ballistic ' NEOUIREMENTS | O TAL mPuLSE
AT b B L I ———

at or below those experienced by the Titan -~
seven-segment motors would preciude or minimize erosive burning.

- Early in this literature search, a peculiar factor affecting curve shape was recognized. In
many motors, both large and small, the actual trace shapes were more "humped" than the theoretical
traces. Generally, actual traces are initially lower than the theoretical, higher in the middle of
burn, and Tower again near the end of web time. This phenomenon was given the acronym BARF--Burning
Anomaly Rate Factor.

BARF was found in almost all of the 156 in. motors. It was also found in all the Aerojet 260 in.
motors and apparently in the Titan seven-segment motor to a small degree. However, BARF did not occur
in the Titan III C/D (five-segment motor). It is also found in many smaller motors, a notable
example being the 5 in. circular perforation motor (5 in. CP) used by Thiokol for burn rate evaluation.
A similar phenomenon is found in the Super BATES motor.

Based upon the frequency of occurrence of BARF in large motors, it was decided that the BARF
phenomenon was a distinct possibility in the Shuttle SRM and that planning for the mandrel fabrication
should include the flexibility to counter it, should it occur.

The other parameters which were considered potentially significant to a degree that could affect
mandrel design were predictability of Igp and nozzle throat erosion. It should be pointed out that
the Igp loss prediction technique was, ag the time, in a relatively early stage of development. Since
then, the model has been improved such that the prediction of delivered Igp is well within 1%.

From the standpoint of mandrel design, a dow Igp 1s far more of a problem than a high Igp because
the constraint imposed by the maximum design pressure. used in the hardware design, precluded any
increase in mass flow rate during the first 20 ‘seconds without an increase in throat area. Any
increase in throat area was precluded by hardware/schedule constraints. Thus the ability to recover
from the effects of low Isp impacts was considered in this analysis.

It should be noted that a 1% predictability degradation was being imposed upon a baseline
nominal vacuum Igp prediction of 262.2 seconds, which was itself felt to be slightly conservative
since, at that time, the Igp loss prediction technique indicated the Igp would be slightly higher.

The philosophy of introducing a small degree of conservatism into the prediction of Isp was suggested
by MSFC.

The nominal baseline vacuum specific impulse was conservatively predicted to be 262.2 seconds.
The throat erosfion rate was assumed to be 0,008 ips; and accuracy of throat erosion predictability
was assumed to be + 15%, based upon judgment of experienced nozzle designers.

It was assumed that Isp, BARF and throat erosion rate were independent varfables. This led to a
statistical approach in the analysis wherein each effect was treated as an independent variable, and
1ts effect was assessed independently. Impact of BARF on thrust performance is presented in Figure 3.
The one percent low Igp would result in a uniform one percent thrust reduction throughout operation.
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Effect of throat erosion rate variation (+ 15%)
proved to be minimal; at no time did the thrust
deviation exceed 0.26% of nominal. 2

Since a mandrel modification after the first \
static test was allowed for in the planping,
analytical grain design modifications were

H
undertaken to counteract the effects of the f-,
assumed BARF and Tow Igp. g

»

ITH BARF
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Care was taken in the analytical redesign
phase to limit the mandrel changes, since any
mandrel modification is a relatively expensive,
long lead time effort. Given this constraint,
it was impossiblie to completely counteract
these effects and small residual mpulse
deviations remained at the various gates as . \

"

.

well as small residual deviations in the thrust- o
time curve shapes. The total residual thrust

and impulse deviations at the various times were .
then determined by a root sum squaring of the 1 FIGURE 3. EFFECT OF BARF ON TC-227A-75 THRUST PERFORMANCE
three components. These residual deviations then formed the base for establishing specification
limits, although more information was needed to completely quantify the 1imits.

L] » » » L J [ ] ” o0 "o 1w
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Figure 4 presents the basic grain design. No design modifications were necessary to counteract
Tow Igp or to counteract BARF.

STAR QEOWETRY
—=f 32

At this point, information was not avail-
able to completely quantify CEl specification
1imits on impulse gates and the thrust envelope.
This was because the grain design modifications
were to be made only after one motor firing and
there was a distinct possibility that it would cTRBeemeNT .
not be a nominal motor, due to normal ballistic Tan . I
performance reproducibility. Further, the
accuracy of the data acquisition system -=r-
(+ 0.5%) impact on these uncertainties needed nrmm
to be assessed and added into the specified

APT szQMENT
tolerances. -E_E:%“‘“ “nd -:- m"
Hos.8

i

The potential dispersion that a particular _ L.« ="
motor could have from the nominal performance > =
of a population was estimated by reviewing
Stage I Minuteman data. A population of 23
motors was examined to determine the coeffi- FIGURE 4. BASIC GRAIN DESIGN
cient of variation in impulse yielded at 38%
of web burn, This variation, when multiplied -
by an appropriate K factor, was assumed to represent the maximum 1imit that the DM-1 impulse could be
dispersed from the true population nominal at 20 seconds (17.8% of web burn) and 60 seconds (53.3% of
burnjwith a 90% confidence and 99% probability. The resulting dispersion was 1.55%. This also is a
reasonable estimate for the instantaneous thrust dispersion at any time.

WUMBER PONNTS « 11

The assessment of impulse reproducfbility at a fixed percent web burn was made to factor out the
effect of burn rate, since predictabilfity of nominal burn rate was not a pertinent variable in this -
study.

The total potentfal.dispersion in impulse values at 20 and 60 seconds and in the thrust time curve
were then estimated by root-sum-squaring the residual components due to BARF, Isp predictability,
throat erosion rate predictability, normal motor reproducibility, amd instrumentation accuracy.

Tables I and II present the value of each component and the total (RSS) value, respectively, for
impulse gates and thrust-time curve, and compare these estimates to those finally selected for the
CEI specification.
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TASLE 1
POTENTIAL DEYIATION FROM PREDICTED IMPULSE AT 20 SEC, 60 SEC, ANO ACTION TINE

. Petontial Muthz'ﬂ- Predicted Normal Selected CEI
Noutne . Specification Limit
Time Prodicted Yecuum  fue to  Due to  Due to Due t6 Due to Notor “TTotal %ﬁﬁ?ﬁ%"
—{sec)  jeguise (Mbosec)  BARF lsp Throst Erosion  Instrumentation  Repredwctdility (mss] Mominal (2]
x 60.03 0.61 107 0.08 0.50 1.528 + 2.0 2.0 (mintmm)
60 161.74 0.178 0.479 0128 0.50 1.528 R +3.0, -1.0
Action Time 291.07 0.070 0.872 0.1 0.50 0.0 + 1.0 -1.0 \wintmm
TABLE 11
POTENTIAL DEVIATION FROM PREDICTED THRUST AT VARIOUS TIME
Selected CEI
Nominal Potential Oeviation From Predicted Nomindl Thrust, ngt Moming) —_— Specification Limit ,
to Total About Population Mominmal,
T4 Predicted Due to Oue to Due to to Motor o!
{sec)  vawm Thryst (1)  BARE . '™ 'y Taeoet frosion  Imtrumstatice 1114 (ss) o tmtml
1 2,849,000 «0.663  -0.718 0.0 1 0.8 1 1.8 1.9 3.0
10 3,065,000 +1.095 -0.852 0.08 108 + 1.8 2.1 3.0
2 3,157,000 -0.34  -1.017 0.10 1 0.5 + 1.8 1.9 3.0
k) 2,729,000 40.465  +4.504 0.13 . 408 + 1.8 .8 3.0
0 2,453,000 -0.487  +5.992 0.7, £ 0.5 1 1.8 6.2 1.0
50 2,259,000 -0.436  +1.195 0.1 + 0.5 + 1.8 2.0 3.0
60 2,325 000 -0.233  -1.83 0.28 + 0.8 1 1.8 2.4 3.0
7 2,465,000 -0.321  -1.982 0.25 + 0.5 £ 1.8 2.7 3.0
0 2,523.000 -0.542  -2.324 0.28 1 0.8 1 1.8 2.9 3.0
90 2,130,000 -1.428  -2.588 0.26 1 0.5 1 1.8 1.4 3.0
100 2,131,000 *1.243  -2.082 0.26 £ 0.8 1 1.8 15 3.0
10 1,881,000 o1.228 -2.386 0.2¢ t 0.8 t 1.8 3 -3.6 +3.0

120 416,000 -3.29% -6.33 0.2¢ 0.5 1.8 7.3 -ll.i““.i

Test Results

Data from the first two static test firings were analyzed and, based upon these data, the following
observations were drawn,

1. No erosive burning was observed.

2. The BARF phenomenon did not occur.

. 3. Vacuum delfvered specific impulse was about 265 seconds, btsod upon expended propellant
weight.

4. During the first 6 seconds, flow conditions in the star region produced head-to-aft end
stagnation pressure drops in excess of theoretical one-dimensional predictions. The flow field in the
star region appears to offer the most reasonable explanation for this phenomenon. The flow in the
valleys at the aft end of the star, where the valleys end (Figure 4), must be directed radially
inward towards a central core of axial flow. -At the star/CP transition, this core must be constrained
to the diameter of the CP. If throughout the star the flow 1s contained within approximately this
diameter, the effective port area for axial flow ts considerably less than the star cross-sectional
port area. The resulting pressure drops, due to axfal velocity, would be of the magnitude observed,
This effective port area then gradually increases until around 6 seconds, when the full port area of

the star is utilized for axial flow and measured pressure drops are in good agreement with theoretical
predictions.

Since there was such excellent agreement between the predicted curve shape made with the analyti-
cal model and test data, no major mandrel modification from the DM-1 configuration was required to
satisfy nominal curve shape and impulse gate requirements. Figure 5 compares the projected final
flight motor configuration thrust-time performance with the CEl thrust requirements, and Table III
compares the projected 20 and 60 second impulse values with specification requirements. As can be
seen, the nominal thrust performance will essentially satisfy the requirements in all areas.
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SOLID ROCKET MOTOR CASE 22 =

”~
The overall design philosophy for the ,, < BN
So1id Rocket Motor case was to develop a 1§\\ P
simple, rugged and effective design based . e \~\
upon the use of proven techniques and o ~==4 ‘ \\
concepts. Major emphasis was placed on E 20 ‘~‘\
reusability and performance reproduci- g “\\
bﬂity. 2 14 x‘ :
KF +
Each motor case consists of 11 1nd1v1-§ 12 LS
dual case segments that are assemb]ed \ X
into casting segments prior to propellant = W
loading. The casting segments consist \ Ay
of two interchangeable center segments (Y] \
and forward and aft segments. There arc \\
;g;r deliverable casting segments per °: - po o ™ po pren vl
: Twet (98C)
The intent here is to discuss those FIGURE 5. ON-) PRELININARY PREDICTION
criteria, testing and certification require- 1
ments affecting the reusability of the SRM case. TASLE 111
Design Requirements B o Te ta NeED ™
The design requirements for the Space Shuttle Time CEI Required Impulse Predicted Impuise
SRM case were evolved from three major sources: s —{Mpogec) —{Mib-sec)
those specified by the contracting organization (NASA), #in Max_
those self-imposed by the motor manufacturer 2 5.8 ———- 61.20
(Thiokol)} and those which inherently exist due to ) 160.12 166.69 164.09
fabrication, processing and transportation 1imits. Action Time 288.16 P 293.63

It is not within the scope of this paper to 1ist

all requirements, but rather to list only the requirements which were considered to be the majbr
drivers in the evolution of the current case design.

Basic Strength/Toughness/Elongation

Minimum ultimate tensile strength = 195 ks{
Minimum tensile yeild strength = 180 ksi

Typical fracture toughness = 90 ksi n.
Minimum elongation = B%
Minimum reduction in area = 25%

General Safety Factors
Before SRM separation

Yield factor of safety = 1.10
Ultimate factor of safety =1.40 -
After SRM separation -
Yield factor of safety =1.10*
Ultimate factor of safety = 1, 25%
Safety Factors for Pressures
Before SRB separation
Yield pressure = 1.2 x 1imit pressure
Ultimate pressure = 1.40 x 1imit pressure
After SRB separation (water recovery, etc.)
Yield pressure = 1.10* 1imit pressure
Ultimate pressure = 1.25% x 1imit pressure

* This is-a design goal only for water impact loads.

The SRM case and its components must be capable of reuse following recovery and retrieval after
submersion in sea water for up to seven days (168 hrs.) The SRM case and its components must meet the

refurbishment and reuse cycle that supports the Space Shuttle System turnaround time from 1ift-off to
1ift-off.
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Design Description

The baseline SRM case design utilizes D6AC material with minimum yield and ultimate strengths of
180,000 psi and 195,000 psi, respectively.

DGAC was selected as the baseline material primarily for strength, high fracture toughness, cost,
and schedule credibility. The material has been used broadly in SRM applications, and 1ts use has
resulted in a successful case program.

The baseline design has a cylindrical wall minimum thickness of 0.477 in. and a maximum expected
operating pressure (MEOP) of 936 psig. The minimum burst pressure is predicted to be 1,310 psig,
providing a 1.4 safety factor. The proof test pressure for each segment is 1,123 psig.

Figure 6 shows the case design schematically, with the basic dimensional data.

The segmented concept consists of nine .
cylindrical segments, plus a forward and prey Renndd e s

an aft segment. Clevis type mechanical “w " Iy e
joints allow for a completely weld- e T s
free case assmebly. oA \Jenon|enon \ | en L)
’ N
Segment Joint Testing /’ / ATTACH vmuu
The segment joint, which is utilized ;mm, T ATTACH STIFFENER AING APTY

to connect each segment to the adjacent e
segment{s), is in the form of a tang and

clevis (Figure 7). This general type of

joint has been used successfully on both

120 and 156 in. diameter test cases and on

the Titan IIl SRM. However, the man-

rating and reusability requirements of the

Space Shuttle SRM case created a need for FIGURE 6. S CASE
additional design features and further

testing.

behavior of the joint was assessed in a
bench test program. In this program,
strength, fatigue, corrosive effects, and “—p—_ -
selected manufacturing anomalies were —-A
assessed through the use of full scale
tension sections of the segment joint.

A total of 10 tests were conducted which —
included combinations of: nominal, over-
sized holes, flawed, missing pins, abnor-

Initfally, the general structural case /—"!ummunu

mally low toughness and highly corroded .

specimens. A summary of the results )

obtained is presented in Table IV. All - o 00 o-mnas

testing was highly successful and .

resylted in predicted factors of safety

well above the required 1.4 value. FIGURE 7. SEGMENT JOIAT DETAIL
Reusability

Technological excellence is required to develop a highly reliable SRM booster on the basis of the

r:t;ltg;:}:nreuse concept'. Fracture control is an important area of technology that demands close

The need for a comprehensive, well controlled fracture control

, program is the underlying th +
all case design, fabrication, inspection and refurbishment efforts that relate to case rezseg. Ac?::‘gr-d:I
ingly, a program was developed that integrates checks and controls into the cas. design fabrication
procedure to insure that the case will completely fulfill the cyclic ( reuse) mission requirements.

There are basically two methods of insuring that a critical flaw does not exist in d
esign hard .
It must be precluded by nondestructive inspection NDI techniques, or the hardware must be dgmongtr::::cel

by proof testing prior to use. The requirements of the Space S
e v diToad. q pa huttle program are such that both
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TABLE 1V
SUWRY OF JOINT TESTS

Fallure
factor
Test L:" o
Specimen No. Type Test {10° W) Safety Cycles Remarks

1 ) S Pin - Nominal Surst 1.04 .23 .o Pin and clevis arm failure.

2 4 S Pin - Nominel Surst 1.00 2.27 .- Pin and clevis arm failure.

3 3 5 Pin - Mominma} Cyclic and Burst 1.00 2.7 240 After cycling, mo pin earked and
minor hole elongation. Clevis
are faflure.

4 [ 5 Pin - Oversize Wole burst 1.00 2.15 .o Clevis holes bearing fatlure.

(0.010 in. lorge dia) : Clevis arms spreed.
5 $ 4 Pin - Nominal Surst 0.80 2.1% i .- Specimen d1d not separate. Pin
bending and clevis hole bearing
fatlure.
6 7 5 Pin - Bushing Cyclic and Burst 1.025 2.2 160 No bushing deformation after cycling.
(0.050 tn. wall Clevis arm failure.
thickness - DGAC)

? 4 5 Pin - 5t Flem Cyclic end Burst 0.80 1.72 160 Mo crack growth. Notch fatlure ~
0.050 deep - it between tang holes at 800 K.
Jowelers File)

8 8 5 Pin - 2nd Flaw Cyclic ond hurst 0,885 183 60 Crack between tang holes at 685 K
(0.050 deep - EPDM) on burst cycle. Burst 855 K.

9 9 S Pin - Low Kig - Cyclic and Burst 0.825 1.77 1 Crack between holes st 453 K during
Flaw (0.050 deep - 13t cycle at tamg flaw.
EPDM)

= w0 10 S Pin - Corrosion Cyclic and Burst 1.028 2.20 240 Clevis Fatlere.
e A Pin Joint $ Pin Joint
Limit Losd = 373,000 b THaximim FYight Load) LTIt Load = 468, ) t
Ultimate = 1.4 Limit - 523,000 1b 181 Proof = 515,000 b

Ultimate = 1.40 Limit - 653,000 b

he first requirement stipulates that the largest flaw which can escape detection with specified
NDI Tw$11 not grgw to cr1t1ca$u51ze through 20 uses of the case. One use of the case encompasses all
events associated with its use as it proceeds through the fabrication, loading, Taunch, recov:ry’.‘
refurbishment and proof test sequence. Compliance to this requirement is demonstrated through the
application of principles of 1inear fracture mechanics.

The second requirement for the SRM case associated with fracture mechanics/flaw growth principles
requires that the case be proof tested prior to flight to a load level which will screen out (by case
failure) all existing flaws which are critical for flight, or would become critical if the flaw were
allowed to grow (theoretically) through four missions. One mission is defined as one motor operating
(pressure) cycle plus one water impact sequence. g N

ra
MOVABLE NOZZLE WITH 8° OMNIAXIAL VECTOR CAPABILITY

The Solid Rocket Motor nozzle fs a convergent-divergent moveable design containing an aft pivot
point flexible bearing as the gimbal mechanism (Figures 8 and 9). The nozzle fs partially submerged
to minimize erosive conditions in the aft end of the motor and to fit within envelope length limita-
tions. The nozzle provides attach points for the thrust vector control (TVC) actuators, an attachment
structure to mate with the motor aft closure, a capability for jettisoning a part of the aft exit cone
after burnout to reduce water impact damage to the nozzle flexible bearing.

TYC for the Space Shuttle SRM s obtained by omnjaxis vectoring of the nozzle. The vector require-
ments of the system, the impact of multiple reuse on the components, and the unique problems
associated with a large fiexible bearing are discussed. The subscale bearing development program
is also presented.

Requirements

Omniaxial requirements for the SRM nozzles are shown in Figure 10. The 7.1 deg of nozzle vector-
ing required in the vehicle's pitch and yaw axes decreases to 5 deg in the 45 deg plane between the
pitch and yaw axes. By locating the actuators in this 45 deg plane, they could be designed with a
stroke equivalent to 5 deg, yet, when operated in unison, provide . the total 7.1 deg required in the
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pitch and yaw planes. The flexible
bearing which permits the movement
of the nozzle was designed for a
maximum omniaxial nozzle vectoring
of + 8 deg; thus, allowance of 0.9
deg was incorporated in the design
to allow for geometric misalignment
and actuator overtravel. Require-
ments for the nozzle bearing are
tabulated on Table V.

The requirement was placed upon
the nozzle flexible bearing elastomer
that it be reused nine times. The
reuse requirement was a significant
driver in the design of the nozzle
flexible bearing. Components were
designed so that they would withstand

the high loads encountered at the time of

water impact.

Flexible Bearing Design

The flexible bearing consfists of

alternate lamina of natural rubber elasto-
mer and steel shims between a forward and

aft end ring (Figure 11). Ten metal shims
and 11 layers of elastomer are vulcanized

to each other and the end rings. The elastomer
provides the flexibility that permits the

nozzle to vector. The flexible bearing
is designed to be used 10 times without

replacing the elastomer pads. After each
flight the flexible bearing is disassembled

from the nozzle and placed in a test

fixture, where extensive tests are conducted

to insure its integrity prior to reuse
in another nozzle. Calculations and
subscale test data show that the
elastomer will be suitable for a mini-
mum of 10 uses. Should the testing
between flights indicate that the bear-
ing elastomer has been damaged during
a flight or recovery operation, the
bearing can be disassembled by cutting
it apart and the metal parts can

be refurbished and reused. The parts
can then be cleaned and the bearing
remolded with new elastomer pads.
Experience in the flight program has
shown that bearing reuse is feasible
and a bearing in STS-7 has been used
three times in static tests as well

as on STS-2 flight.

Testing

The flexible bearing is the
largest ever built for a flight
program. While the design concepts
were state-of-the-art, it was deemed
advisable to conduct a development
program to assure that the bearing could

NATURAL RUSBER PADS
STERL ENO RiNGS CARBON

SIICOME RUBBER BOOT cLomw

FIGURE 8. NOZILE FOmMARD ASSENBLY

CARBOM CLOTH
nn
ALUssuN
rers
AlUsrun aLass cLomw
FIGURE 9. MOZZLE EXIY CONE ASSEMBLY
OMMAXIAL DEFLECTION REQUINEMENT
7.1 DEG CONTRAOL AEQUNEMENT -
0.5 DEG GREOMETAICAL MISALIGNMENT
0.4 OVERTRAVEL
il vemcLE
6.0 TOTAL OMMIAXIAL REQUMEMENT PTCH
. Axis
ACTUATOR ACTUATOR
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vEmCLE
YaW AXis
1v000
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be reused as required and to obtain performance characteristics

such as torque, various spring constants, and the center of rota- TBLE ¥

tion when vectored. The development program consisted of fabrica- WOZZLE BEARING DESIGN REQUIREMENTS
ting three subscale bearings approximately one-quarter size

(Figure 12) and three full size prototype bearings. Two of the Omniaxial Vector Capability =8 ceg
three subscale bearings were, in fact, true geometric subscales Actuator Stall Load 103.42¢ 1b

designed by scaling all of the dimensions to approximately one-

quarter the size of the full size bearing. The other subscale Plane of Actustor

was of the same general size as the first two, but “ad only two Tow Use Requirements
metal shims and three elastomer pads, whose thicknesses were not netal Parts 20 times
scaled down but were the same as on the full scale bearing. The Bearing Elastomer 10 times
true subscale 10-shim bearings were fabricated and tested and Sataty Factors
provided data which, when scaled up to full size,indicated that prior to Arter
the performance of the bearing would be acceptable. The bearings fsparation  3eparation
have also been vectored through duty cycles equivalent to the Structure 1.4 Ditimate 1.25 Ultimate
actual flight service (plus acceptance testing) that would be Nonpressure Vessel 1.0 Yield  1.) Yield
experienced in 10 flights. These data indicated that the fatigue Pressure Vessel 1.2 Yield 1.2 Yield
characteristics of elastomer are adequate for the 10 uses )
required.

The major problemsin the development of the o -, | *

full size flex bearing were the compiexity of the i
mold (Figure 13) necessary to fabricate the bear-
ing and the requisement to uniformly heat the
rubber to the 300°F temperature without over-
heating the rubber next to the heating elements.
Several of the early bearings experienced uneven
heating and the subsequent lack of vulcanization ,/,, = PROTECTIVE COATING
between the rubber pads and metal shims. A very l

severe test has been developed where the flex

END ARING ELASTOMER (0293 THICKNESS)

bearing is longitudinally stretched two inches bl WETAL S (2437 TrCKNESS)
and inspected for unbonds. This test has shown
that while several of the early bearings lacked WEIGHT SUMMARY (LB)
areas of vulcanization and had to be disassembled FORWARD END RING 1387
and rebuilt, the more recent bearings have all been S n a7
properly vulcanized. AFT END RING -4
MISCELLANEOUS ._ﬂ
The two-shim subscale bearing was primarily TOTAL (v

designed to provide processing data to confirm
that thick pads of elastomer could be manufactured
that would have the desired .

fatigue characteristics. Some &
performance data were also

obtained with this bearing.

FIGURE 11. FLEXIBLE BEARING CROSS SECTION
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As mentioned, three proto-
type flexible bearings were also
included in the development
program. These bearings were
fabricated and extensively
tested to confirm that perform-
ance was within specifications
and that the fatigue life of the
elastomer in the flexible bearing FIGURE 12. SUBSCALE FLEXIBLE BEARING DETAILS
environment meets the minimum
10-use criteria. These three bearings also provided repeatability data and confirmed that the
abbreviated acceptance tests to be conducted on each bearing prior to use are adequate to insure that
it is suitable for reuse.

CONCLUSIONS

There have been four development motor tests and three qualification motor tests in the basic SRM
development program. There have been six DDT&E (twelve instrumented SRM's) flights.

A11 pressure-time traces for the development, qualification and flight test motors in the DDT&E
program, {less STS-6, data not yet available) when corrected to standard burn rate, pressure and
propellant mean bulk temperature have fallen well within the predictability 1imits established in the
CEI specification (Figure 14).
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42 motor case components used in static firings during the development program have been reused
in flight. DODT&E flight six had 4 motor case components reused from DDT&E flight one.

A nozzle flexible bearing has been reused three times during the DDT&E program. Four nozzle
flexible bearings have been reused in the DDTAE flight program, and one of the nozzle flexible bear-
ings in 5T5-6 was reused from DDTAE flight one. It was nearly 5 years old. In all cases the
demonstrated torque has been less than the limits established fn the CEI specification.
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ORIGINAL PACE IS
OF POOR QUALITY, :

627




